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Abstract 
Background: This paper reports on the growth condition of Nannochloropsis sp. in an annular column-type photo-
bioreactor (PBR) using light-emitting diode as an internal illumination.
Methods: The microalgae growth in the 20-L batch culture mode under mixed blue (450 nm) and red (660 nm) light-
emitting diode (LED) in various conditions such as photoperiod and light intensity (controlled by supplied current) 
was monitored. Compact-type 5-W LED module with narrow beam angle (radiation pattern) was installed in the PBR 
so as to obtain higher intensity and deeper penetration to the culture.
Results: Based on the PBR dimension with optical path length 120 mm, the minimum light intensity required at 
the PBR tank inner surface at initial stage of cultivation was approximately 350–370 mol m−2s−1, while mean light 
intensity derived was 140–160 mol m−2s−1. Photoperiod ratio of light:dark at 18:6 h provided better results compared 
to 12:12 in terms of final cell density achieved. Efficiency of light utilization was calculated to be 9.0 × 109 cell/mol 
photon (0.49 g/mol photon), while biomass volumetric productivity was 0.04 g L−1day−1.
Conclusion: The usage of narrow beam angle LED was feasible to be used but with further improvement is 
necessary. 
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Background
Microalgae have an outstanding performance com-
pared to the terrestrial plants based on its high multi-
plication rate and high lipid content (Rawat et al. 2013). 
One of its potential is to be used as biomass source for 
biodiesel production (Chisti 2007). Although success-
fully developed, open pond cultivation method which 
generates low density culture is faced with a tough situ-
ation to meet the low price requirement of biodiesel. In 
recent years, the trend of mass cultivating microalgae has 
shifted from open pond system to closed photobioreactor 
(PBR) system. PBR technology has attracted the atten-
tion of industrial and scientific communities observed 
by the increasing numbers of scientific research papers 
published over the past 30  years (Olivieri et  al. 2014). 
Among the reasons for this shift are to reduce contami-
nation problem and achieve higher cell density. Never-
theless, issues such as temperature rising, inconsistent 
solar rays, weather fluctuation, photoinhibition due to 
excessive light intensities, night time biomass losses are 
among problems that remain to be improved in the out-
door PBR.
In regards to light parameters, indoor PBR using arti-
ficial lights may offer some solutions to overcome the 
problems in the outdoor PBR which depends to sunlight. 
With rapid development of highly energy efficient LEDs 
which are increasingly cheaper and consume less energy 
than ordinary lamps, the potential of using artificial lights 
in PBR and its economic feasibility need to be reviewed 
(Fu et al. 2012). Consequently, the cost and energy con-
sumption are factors that need to be seriously considered 
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(Blanken et al. 2013). It seems that the high cost of PBR 
with artificial lights may not be an appropriate solution 
at this moment, but researchers are continuing to study 
and improve it as there are potentials to develop it as a 
standalone production system or as inoculation system 
for various applications.
Nannochloropsis sp. is among the marine microalgae 
that has been widely studied in aquaculture sector (Alsull 
et al. 2012; Bong et al. 2013), and currently being actively 
researched for biodiesel production worldwide (Quinn 
et  al. 2012; Pegallapati and Nirmalakhandan 2013). The 
main pigment for photosynthesis in Nannochloropsis sp. 
is chlorophyll a, while chlorophyll b and c are completely 
lacking. In relation to this, light quality plays an impor-
tant role in photoautotrophic cultivation of microalgae. 
Photosynthetic pigments such as chlorophylls are highly 
react to a particular light spectrum bandwidth; such as 
blue at 450–475 nm and red at 630–675 nm (Richmond 
2004). Previous studies on a lab scale have identified the 
potential of blue and red LED as artificial light source 
for microalgae growth (Teo et al. 2014a, b). Similar find-
ings revealed that optimum growth of C. vulgaris (Atta 
et al. 2013) and Nannochloropsis sp. (Ra et al. 2016) were 
obtained when cultivated in blue LED light, while other 
suggested the usage of red LED light as the optimum 
wavelength for Chlorella sp. growth (Yan et  al. 2016). 
In addition, yellow light with supplemental of minimal 
blue light was found to be effective to maximize Chla-
mydomonas reinhardtii productivity by lowering the bio-
mass specific light absorption rate (de Mooij et al. 2016). 
Variations of lighting strategies, PBR volume and configu-
rations made it difficult to determine the basic method of 
choosing the best lighting parameters, although it is clear 
that monochromatic light especially blue and red provide 
better performance than wide spectrum light in general 
energy consumption.
Another critical parameter is light intensity (quantity), 
whereby it varies with its position and time in the cultiva-
tion process of microalgae (Huang et al. 2012) due to the 
nature of microalgae as an efficient light receiver. In lab 
scale experiment with small volume of culture and short 
light path, incident light intensity is commonly used 
as the light quantity parameter to determine the opti-
mum condition (Wahidin et  al. 2013; Teo et  al. 2014b). 
However, in up-scale or large volume cultivation, mean 
light intensity is a better indication of light condition; 
light intensity at the illumination surface, IS and oppo-
site surface, BS (end of light path) need to be considered 
(Ogbonna and Tanaka 2000). Light distribution inside the 
PBR is very important to ensure light energy to biomass 
conversion is at optimum condition.
The common approach in utilizing sunlight receiv-
ing for an outdoor PBR is to design it with high surface/
volume ratio (SVR) (Posten 2009). Tubular and flat panels 
PBR have good properties in terms of high SVR for utiliz-
ing solar rays (Grima et al. 1996; Zijffers et al. 2010; Silva 
Benavides et al. 2013), while bubble column is not widely 
preferred. However, when considering artificial light as 
the light source for PBR, huge amount of energy would 
be needed to achieve intensity and uniform distribution 
of light similar to the sunlight. We are suggesting that this 
approach need to be reviewed for indoor application. As 
an example, LED is usually mounted in a closely packed 
array form to illuminate the flat panel PBR surface (Lee 
and Palsson 1994). In this case, the intensity of standard 
LED chip with wide angle (110°–120°) may not be suffi-
cient to penetrate culture depth of more than 20 mm, so 
a PBR with short optical path length would be preferable. 
Yet, it would be difficult to illuminate the whole panel 
surface as PBR volume increase (up-scale project). So, an 
alternative method which is suitable for up-scale PBR is 
necessary, while at the same time there must be considera-
tion for practical light quantity in high volume cultivation.
In general, bubble column has the advantage for up-
scale project as it can easily accommodate large volume, 
efficient contact between the gas and liquid phases, rela-
tively low cost for setup and operating, well accepted 
for other industrial usage and minimal maintenance is 
required. Although it is not popular as an outdoor PBR, 
there is potential to develop it as an indoor PBR with arti-
ficial light. In regards to microalgae cultivation in bubble 
column as indoor type, internal illumination method was 
found to be better in efficiency compared to external illu-
mination (Pegallapati et  al. 2012). This approach would 
also facilitate the daily operation in monitoring the micro-
algae growth since the lightings are placed internally. 
Few types of lightings have been proposed before such as 
using fluorescent light, optical fibre and others (Ogbonna 
et al. 1996; Csogor et al. 2001; Suh and Lee 2001; Xue et al. 
2013). Light conversion efficiency is the main concern for 
PBR with artificial light, however due to varieties in each 
artificial light optical properties, it is quite difficult to have 
an equal comparison. The balance of microalgae growth 
and lightings energy, lightings layout, microalgae cell den-
sity are among parameters that need to be considered 
when using the artificial lights in PBR.
Therefore the aim of this study is to evaluate the perfor-
mance of Nannochloropsis sp. cultivation in an internally 
illuminated PBR with LED. It is a primary scale-up (20 L) 
from previous lab study (0.5  L) which used red and blue 
LED to cultivate microalgae. The use of narrow beam 
angle LED was proposed in order to penetrate the deep 
culture (120  mm) in the bubble column, as normal wide 
angle LED has limitation in this aspect. The experimental 
data obtained can be utilized for further scale up (100 L) 
of an internally illuminated PBR using LED in future work.
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Methods
LED luminaire
The LED luminaire consisted of four LED bars mounted 
together to top and bottom plate. The LED bar was 
installed with three units of 5 W LED module, each pack-
age contained a total of 16 LED chips with combination 
of blue 450 nm and red 660 nm in quantity ratio 8:8 and 
intensity ratio approximately 60:40  %. The overall opti-
cal beam angle was designed to be at 55° (narrow angle) 
to achieve high light intensity through the built-in lens 
design. The LED luminaire was powered by using either 
adjustable current supply (200–340  mA) or a constant 
current driver (350  mA) throughout the experiments. 
The heat from LED was dissipated through the bar itself 
which is fabricated from aluminium material.
Photobioreactor (PBR)
The PBR tank was made of stainless steel with inter-
nal diameter 380  mm and height 440  mm as depicted 
in Fig. 1. A column made of acrylic material with outer 
diameter of 140  mm was fixed at the center of tank to 
provide space for LED luminaire. Circular sparger (con-
nected to an air pump) with eight holes of diameter 
2  mm was placed at the bottom of tank to provide the 
ambient air for mixing purposes and CO2 source. For 
microalgae cultivation in large volume such as 20 L, there 
is no necessity to perform sterilization (Hannon et  al. 
2010), therefore only basic cleaning was done and 70  % 
alcohol was sprayed on the surface of PBR a day before 
running the experiment. The high density inoculation 
allows microalgae population to expand rapidly, mini-
mizing end-product loss due to contamination.
Culture and medium
Nannochloropsis sp. strain was originally obtained 
from the culture collection of Borneo Marine Research 
Institute (BMRI), Universiti Malaysia Sabah, Malay-
sia. The Nannochloropsis sp. cells were cultured in 
sterilized seawater (autoclaved at 1–2Bar, 121  °C) and 
enriched with Walne’s medium which contains: 100  g 
NaNO3, 1.3  g FeCl3·6H2O; 0.36  g MnCl2·4H2O; 33.6  g 
H3BO3; 45  g Na2·EDTA; 20  g NaH2PO4·2H2O; 2.1  g 
ZnCl2; 2  g CoCl2·6H2O; 0.9  g (NH4)6Mo7O24·4H2O; 2  g 
CuSO4·5H2O; 0.001  g Vitamin B12; 0.001  g Vitamin B1 
and 0.2 μg Biotin per liter.
Experiment setup
Each experiment was conducted in a 20  L working vol-
ume using batch culturing method. Experiment 1 was 
conducted at regulated current between 200 and 340 mA 
(an increment of 20  mA in every 2  days) with maxi-
mum intensity of 200–220  μmol  m−2s−1 at BS, photo 
period of 12:12  h (light:dark) and initial cell density of 
2.7 × 106 cell/mL (3.59 g/L). Experiments 2 and 3 were 
conducted by providing each LED package with a con-
stant current of 350  mA with maximum intensity of 
350–370 μmol m−2s−1 at BS, while photo period was set 
at 12:12 and 18:6  h respectively. Initial cell density for 
experiment 2 and 3, was reduced to within 1.9–2.0 × 106 
cell/mL (2.52–2.66 g/L), after we realized that margin of 
light intensity was not sufficient to be increased more 
due to LED current at 500 mA causing heat issue for this 
prototype.
Measurement of photosynthetic photon flux density 
(PPFD)
Optimum light intensity is critical for the growth of 
microalgae, but the attenuation of light is very much 
influenced by the culture depth. Light intensity or PPFD 
was measured using a quantum sensor connected to 
Light Scout Dual Solar quantum light meter, in unit of 
μmol  m−2s−1. PPFD evolution of the light intensity was 
confirmed by taking measurements at the illumina-
tion surface (outer surface of internal acrylic column), 
IS until opposite surface (inner surface of PBR tank), BS 
at incremental distance of 15  mm and fix height (high-
est light intensity point). Due to quantum sensor probe 
size/height (from base to sensor surface) itself is 15 mm, Fig. 1 Schematic view of internally illuminated annular column PBR
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the PPFD measurement at inner surface BS was repre-
sented by the distance at 105  mm, instead of 120  mm. 
Throughout the experiments, PPFD at BS was moni-
tored every 2  days at eight equally spaced radial loca-
tions. Each four points were representing the intensity of 
light region (LED beam covered region) and dark region 
(adjacent region where LED beam was limited) respec-
tively. Since the LED module radiation pattern was nar-
row in angle (focus effect), the boundary of light and 
dark region can be clearly identified visually. Each LED 
module covered approximately an area of 130 × 130 mm 
(0.0169 m2) square boundaries at BS, resulting total cov-
erage of light region from four LED bar (12 modules) 
equal to about 40 % (0.2028 m2), while dark region about 
60 % (0.3222 m2) from total PBR inner surface area which 
is 0.525 m2. The dark region is defined as the area which 
received less than 70 % of peak intensity at BS. The effect 
of different ratio of light/dark region was not investi-
gated in this study based on two reasons; (1) Increasing 
the light/dark region may not feasible due to space con-
straint, LED heat issue and cost factor, (2) Decreasing the 
light/dark region may effect to the microalgae growth 
due to lack of light by reduction of SVR. Figure 1 shows 
the schematic view of the PBR.
Measurement of microalgae growth and lipid content
The growth of microalgae was mainly monitored by using 
optical density method. Samples were taken every 2 days, 
and measured using a UV–vis spectrophotometer (Shi-
madzu UVmini-1240) at 540 nm (Rocha et al. 2003). Cell 
number counting was measured by a direct microscopic 
count with a 0.1-mm-deep Neubauer haemocytometer 
(BOECO, Hamburg Germany) and a light microscope 
(Olympus CX21, Japan). A correlation curve between 
optical density and cell number was used to evaluate the 
cell density condition throughout the experiment. The 
specific growth rate, μ was calculated from the Eq. (1): 
where N2 and N1 are the cell densities at time t2 and t1 
(exponential phase) respectively. The time required to 
duplicate the cell number; division rate, k was calculated 
from the Eq. (2): 
The volumetric productivity, Px (cell L−1 h−1) was cal-
culated using Eq. (3): 
where Cx (cell mL−1) refers to maximum cell density 













The amount of lipid in Nannochloropsis sp. was deter-
mined according to the method described previously 
by Teo et  al. (2014a) using improved Nile red staining 
method (Chen et al. 2011) and Perkin Elmer LS-55 fluo-
rescence spectrophotometer. For the Nile red staining, 
50  μL of Nile red (9-diethyl-amino-5H-benzo[a]phe-
noxazine-5-one; Sigma, USA) in acetone representing a 
concentration of 0.1 mg mL−1 was added to the 1 mL of 
sample. The mixture was pretreated using a microwave 
oven for 1 min. The excitation and emission wavelengths 
for the fluorescence were 490 and 585 nm respectively.
Measurement of light utilization efficiency
The amount of light/photon absorbed (mol s−1), Ea is cal-
culated using Eq. (4): 
where illuminated area, Aill = 2pirh, r is the radius of the 
PBR tank (190  mm) and h is the height of culture vol-
ume (240 mm). The efficiency of light utilization can be 
expressed as the biomass yield on light energy and Yx,E 
is the cell quantity produced per amount of light energy 
absorbed (mol of photons absorbed) as shown in Eq. (5)
where Px is the volumetric productivity (cell L−1  h−1) 
and VPBR is the volume of PBR (L), while conversion rate 
of 0.0545 × 10−9 g/cell (Rocha et al. 2003) was used for 
above calculation. For reference purpose, light intensity 
at a point inside the culture, I can be calculated using 
a simplified Beer-Lambert’s law equation as shown in 
Eq. (6)
where I0 is the incident light intensity at culture surface, 
K is the biomass absorption, C is the biomass concentra-
tion, and L is the length of light path.
Results and discussions
Light intensity (PPFD) inside the PBR
By using high power 5 W LED package, the light inten-
sity (before the addition of culture) at IS achieved more 
than 2000 μmol m−2s−1, which is approximately equal to 
incidental sunlight intensity during sunny day in Malay-
sia (on horizontal surface). The light intensity at BS is 
approximately 200–220, 350–370, 440–460 μmol m−2s−1 
respectively for supplied current of 200, 350 and 500 mA 
for this type of LED. However, due to high heat generated 
by LED when running at 500 mA, the cultivation at this 
parameter was omitted. In future work, the use of convec-
tion fan or modification on the size/shape of aluminium 
bar as heat dissipater may need to be reviewed. Figure 2 
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shows the PPFD evolution measured between two points, 
IS (0 mm distance) and BS (105 mm distance), while the 
value at 120  mm distance is based on calculation. The 
PPFD decreased as the distance increased from surface 
of internal column until the tank surface. The light pen-
etration to the tank surface was further reduced by the 
cultivation days due to mutual shading of the microalgae 
as can be observed from Fig. 3, which exhibits the light 
distribution at the BS in 0, 4, 8 and 12 days of cultivation 
(experiment 2). Further details of relationship between 
PPFD and cell density will be explained in next section.
Relationship of light intensity and photoperiod 
on Nannochloropsis sp. growth and lipid production
Figure  4 shows the cell growth profiles for each experi-
ment. In experiment 1 (Fig.  4a), the LED current was 
regulated between 200 and 340 mA with incremental of 
20  mA in each 2  days. This provided initial light inten-
sity of 200–220 μmol m−2s−1 at BS, while the photoper-
iod was set at 12:12 h (light:dark). The cells remained in 
lag phase until 6th  day, probably adapting to the light-
ing condition or possibly the mean light intensity was 
not sufficient for the culture. Exponential phase even-
tually can be seen between 8th and 10th  day with LED 
current at approximately 300  mA, while light intensity 
at BS reduced from 200–220 to 70–90  μmol  m−2s−1 
due to the cell started to shade the light. The culture 
reached the stationary phase after 12th  day with PPFD 
recorded at 20–40  μmol  m−2s−1, possibly due to the 
nutrient depletion. As overall, the growth rate was very 
low with the highest cell density recorded was 5.0 × 106 
cell/mL (0.27 g/L), while the specific growth rate, μ was 
0.126 day−1 (calculated between 8th and 12th day). It was 
suspected that the light was insufficient to be accessed by 
the average cells for optimum photosynthetic reaction. In 
experiment 2 (Fig.  4b) and 3 (Fig.  4c) with lower initial 
cell density, the LED current was set constant at 350 mA 
for higher mean light intensity compared to previous 
experiment. This provided initial light intensity at 350–
370 μmol m−2s−1 (BS), and as a result a more encourag-
ing condition for culture growth can be seen. Moderate 
light intensities (400–1000  μmol  m−2s−1) were reported 
to be suitable for microalgae growth (Yan et  al. 2016). 
In experiment 3 with photoperiod of 12:12, the culture 
growth started to accelerate after the 2nd day, with PPFD 
recorded at 160–180 μmol m−2s−1. The cells experienced 
the exponential growth after 4th  day, and remained 
in linear phase until 10th  day. During this period the 
PPFD gradually decreased from 130–150  μmol  m−2s−1 
to 60–80  μmol  m−2s−1 and finally reached to 
10–20 μmol m−2s−1. The maximum cell density recorded 
was 6.4  ×  106 cell/mL (0.35  g/L), while the specific 
growth rate, μ was 0.195  day−1 (calculated between 4th 
and 8th  day). In experiment 3 with longer photoperiod 
of 18:6, the cells immediately entered the exponential 
growth phase after 2nd day with PPFD recorded at 130–
150  μmol  m−2s−1. During the linear growth phase, the 
PPFD decreased to 10–20 μmol m−2s−1, and the growth 
entering stationary phase at 8th  day which was earlier 
than previous experiments. Longer exposure to the light 
had possibly allowed the cells to grow faster compared 
to the previous experiments. The maximum cell density 
recorded was 7.1 × 106 cell/mL (0.39 g/L), while the spe-
cific growth rate, μ was 0.220 day−1 (calculated between 
2nd and 6th day).
In these experiments, it was observed that the cell 
density graph intersected with PPFD graph at around 
140–160 μmol m−2s−1 (refer to Fig. 4a–c), which is pro-
posed to be the mean light intensity, Imean (μmol m−2s−1) 
of this PBR. Alternatively by using Eq.  (6), where I0 
is determined as 2861  μmol  m−2s−1 (actual measure-
ment value exceeded the quantum meter range), K is 
assumed as 0.15  m2  g−1, C is biomass concentration 
at the intersection graph (2.7  ×  106 cell/mL or 148  g/
m3), and L at 0.12  m; light intensity, I can be calcu-
lated as 199  μmol  m−2s−1. However this calculation 
is merely based on assumption of K value which may 
Fig. 2 PPFD evolution between IS and BS at 200, 350 and 500 mA 
with exponential regression
Fig. 3 PPFD changes at BS (point 1–8) at 0, 4th, 8th and 12th day of 
cultivation period (data from experiment 2)
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vary over the course of batch and depends on the spec-
trum of light being used. In conclusion, the mean light 
intensity from the graphs intersection point such as in 
Fig. 4c was preferably chosen for experiment 3, which is 
140 μmol m−2s−1 as the mean light intensity, and the effi-
ciency of light utilization, Yx,E of this PBR was calculated 
as 9.0 × 109 cell/mol photon (0.49 g/mol photon).
In terms of lipid production, all experiments showed a 
gradual increase of lipid content as the culture grew. The 
amount of lipid content was represented by the fluores-
cence intensity value as shown in Fig. 5. The highest lipid 
content was achieved in experiment 3 at 91 a.u. followed 
by experiment 2 and 1 respectively at 78 and 59 a.u. The 
findings revealed that high cell density reflects high lipid 
content.
In conclusion, the results showed that batch cultiva-
tion in this PBR was feasible, however more work are 
required to optimize the light parameters and cultiva-
tion  method to achieve higher cell density. The com-
parison of previous lab scale work and current work are 
summarized in Table  1, while the comparison of cur-
rent PBR and other researchers’ findings are compiled in 
Table 2. It is observed that the results obtained for this 
scaling up are quite different from the lab scale results. 
The highest specific growth rate achieved was 0.22 day−1 
compared to the last result which was 1.60 day−1, while 
maximum cell density was 7.1 × 106 cell/mL compared 
to the last result which was 10.8  ×  106 cell/mL. This 
difference however can be tolerated since the scale-up 
factor was at 40 times in terms of cultivation volume. 
Biomass productivity for this PBR (0.04 g L−1day−1) is at 
the lower side compared to other reported PBR results 
(0.02–0.85  g  L−1day−1). The closest comparison is the 
internally illuminated column (IIC) for Nannochlorop-
sis salina (18 L) using fluorescent lamp at light intensity 
91 μmol m−2s−1 (Pegallapati and Nirmalakhandan 2013). 
In batch culture with 0.035 % CO2-air ratio, the biomass 
productivity was 0.017 g L−1day−1, which is lower than 
this study. However, the biomass productivity was fur-
ther improved to 0.104  g  L−1day−1 by using fed-batch 
mode and increasing the CO2-air ratio up to 1 %. Mix-
ture of CO2-air was also part of strategy to achieve high 
biomass productivity in 140L IIC (Zitelli et  al. 2003), 
with combined illumination of 400 W metal halide lamp 
and natural light (outdoor) in continuous mode culti-
vation. These aspects will be reviewed for our future 
improvement study.
Conclusion
The cultivation of Nannochloropsis sp. in internally illu-
minated PBR using combination of blue and red LED, 
with narrow beam angle was successfully performed. 
It was found that higher growth rate achieved at higher 
light intensity 350–370  μmol  m−2s−1 and longer photo-
period 18:6. Usage of high intensity LED with narrow 
beam angle possibly helped in improving microalgae 
Fig. 4 Relationship of light intensity (PPFD at BS) and cell density (cell growth condition) for each experiment: a Experiment 1 at initial 200–
220 μmol m−2s−1 and photoperiod 12:12 h, b Experiment 2 at initial 350–370 μmol m−2s−1 and photoperiod 12:12 h, and c Experiment 3 at initial 
350–370 μmol m−2s−1 and photoperiod 18:6 h
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cultivation in deep culture and high volume such as bub-
ble column PBR, provided that optimum initial cell den-
sity, lighting parameter and cultivation method to be 
reviewed.
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Fig. 5 Lipid content result for each experiment 1, 2 and 3 (by light intensity in μmol m−2s−1 and photoperiod in hours)
Table 1 Summary of the current work and previous (lab scale) results





Spec. growth  
rate, μ (day−1)
Div. rate, k 
(day−1)
Initial cell density  
(×106 cell/mL)





200–220 12:12 0.126 0.182 2.7 5.0 20
350–370 12:12 0.195 0.282 1.9 6.4 20
18:06 0.220 0.317 2.0 7.1 20
200a 24:00 1.600 2.308 2.0 10.8 0.5 Teo et al. 
(2014b)
Table 2 Comparison of the current work and other researcher results
a Reflected PBR type
b Reflected Microalgae Species
IIC, internally illuminated column; CY, cylinder; FP, flat panel; N, Nannochloropsis sp.; NS, Nannochloropsis salina; NO, Nannochloropsis oculata
PBR typea Micro- algae  
speciesb
Biomass Productivity  
(g L−1day−1)
PPFD (μmol m−2s−1) Artificial light Ref.
This study (IIC) N 0.02–0.04 350–370 LED
IIC NS 0.02–0.10 91 Fluorescent Pegallapati and 
Nirmalakhandan 
(2013)
CY NO 0.3–0.48 300 Fluorescent Chiu et al. (2009)
IIC N 0.17–0.20 89–175 Metal halide Zittelli et al. (2003)
FP N 0.61–0.85 230 Fluorescent Zittelli et al. (2000)
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